The preparation and application of a stop and go extraction tip (StageTip) used for pre-purification of sample solutions for LC-MS/MS analysis of DNA adducts was simplified and improved to increase throughput while maintaining high adduct selectivity. It was demonstrated that the StageTip composed of two sheets of a poly(styrene-divinylbenzene) copolymer disk could be easily prepared and proved useful for selective extraction of trace amounts of DNA adducts from a sample solution containing a great quantity of normal deoxynucleosides.
Introduction
Considerable attention has been paid to the identification of DNA adducts such as N 2 -ethyl-2′-deoxygunaosine (EtdG) and cyclic 1,N 2 -propano-2′-deoxyguanosine (CPrdG) produced by the reaction of 2′-deoxyguanosine with acetaldehyde arising from exogenous and endogenous sources that are possible precursors for cancer cells.
1,2 A quantification method for DNA adducts requires high sensitivity because DNA adducts are found with very low probability in normal deoxynucleosides in DNA in vivo, typically corresponding to a few adducts per approximately 10 8 -10 9 normal deoxynucleosides. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) with electrospray ionization (ESI) is generally preferred in bioanalysis, offering superior selectivity and sensitivity for detecting low concentrations of analytes in complex matrices, such as blood, plasma, and tissue extracts. [3] [4] [5] [6] However, enrichment of the DNA adducts and removal of the normal deoxynucleosides in sample solutions are extremely helpful for the LC-MS/MS analysis because the injection quantity of samples is limited by the concentration of the normal nucleosides.
In addition, the large amounts of normal deoxynucleosides may cause ion suppression of the DNA adducts in the ESI process. We previously proposed a simple and low-cost pretreatment method for quantitative analysis of DNA adducts using a stop and go extraction tip (StageTip) 7 prepared by packing a piece of Empore TM disk in a 0.2 mL micropipette tip followed by C18-modified silica gel (ODS) powder. 8 Pretreatment of the DNA sample solutions using the StageTips can efficiently remove the normal deoxynucleosides and concentrate the DNA adducts at a high yield. However, this StageTip pretreatment needs improvement for purposes of high throughput in clinical practice. In this study, the composition of the StageTip and the application procedure were improved for high throughput to prepare samples for use with highly sensitive LC-MS/MS for determination of DNA adducts.
Experimental

Chemicals
Supplies of 2′-deoxyguanosine (dG) hydrate, 2′-deoxycytidine (dC), 2′-deoxyadenosine (dA) monohydrate, and thymidine (T) were purchased from the Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan) and were used without purification. EtdG that was commercially available from Sigma-Aldrich Co., LLC. was used as received. CPrdG was synthesized as previously reported. 9, 10 An LC/MS grade of methanol was commercially available from Kanto Chemical Co., Inc. All other chemicals were of the highest quality available and were used as received.
HPLC
High performance liquid chromatography (HPLC) separations were performed on a TSKgel ODS-100V column (5 μm, 150 × 2.0 mm i.d., Tosoh Co.) at 40 C with an isocratic mobile phase of aqueous methanol at a flow rate of 0.2 mL min -1 using a Prominence HPLC system (Shimadzu, Japan) equipped with an UV detector (Shimadzu, Japan) and a 3200 QTRAP MS/MS system with a TurboV source and an ESI probe (AB SCIEX, Canada). Ammonium acetate available from Fluka was added to the HPLC elution to facilitate ionization in MS measurements.
The ESI conditions were set as follows: source mode, positive mode; curtain gas, 20 psi; ion spray voltage, 5500 V; turbo heater, 500 C; nebulizer gas (GS1), 40 psi; heated gas (GS2), 70 psi; collision gas (CAD), 3 
Implements and materials for StageTip preparation
Empore TM Disk SDB (poly(styrene-divinylbenzene) copolymer) was purchased from 3M. A blunt-end needle from a Hamilton 91010 microsyringe was used for cutting the Empore TM disk SDB. Micropipette tips of 1 mL purchased from Eppendorf were used as the outer cylinder of the StageTips and were filled with small disks cut from the Empore TM disk. Other details about producing the StageTips were as reported previously.
7,8
Use of StageTips
All solutions were loaded from the top of the StageTip by centrifugal force using a centrifugal separator. The flow rate was controlled at 3 to 6 μL/min utilizing the centrifugal force. The use of the separator instead of the syringe pump used previously 8 contributed to high throughput analysis for the large number of samples. The StageTips were conditioned by 0.1 mL of methanol followed by 0.2 mL of water. A volume of 0.1 mL of the sample solution containing EtdG, CPrdG, and normal deoxynucleosides was loaded into a StageTip and washed with washing solution to eliminate the normal nucleosides, followed by extraction of the DNA adducts with 40 μL of methanol. The methanol solution was evaporated to dryness, and 40 μL of water was added to the residue for HPLC analysis.
Results and Discussion
Composition of StageTip for DNA adduct analysis
ODS powder is usually used to prepare handmade StageTips. It is actually time-consuming to pack the powder into an Empore TM disk set in a thin micropipette tip. Packing the powder homogeneously can make the difference between good or bad performance of the handmade StageTips. To eliminate this time-consuming and uncertain process, we used multiple disks cut out from the Empore TM disk stacked into the larger volume of the micropipette tip and no powder. To perform this task, a blunt-end syringe needle was driven manually, in cookie cutter fashion, into the Empore TM disk, and the cut-out disk from the needle was inserted into the 1 mL micropipette tip and pushed into the tip using the plunger of the needle. This process was repeated with other disks stacked on it in the same manner. In this way, sufficient stationary-phase volume was ensured in the StageTip, compared to the previously described tip using just one sheet of the Empore TM disk and the powdered material. In addition, the material retained in the Empore TM cut-outs was investigated to make sure the normal deoxynucleosides were gone and the DNA adducts could be recovered with a high yield. SDB is a copolymer of styrene with divinylbenzene having high pore volume and high bulk density, which provides retentivity as a reversed-phase system. Indeed, use of two sheets of SDB Empore TM disks allowed for selective extraction of the DNA adducts from a great quantity of normal deoxynucleosides. Usage of a StageTip prepared from ODS Empore TM disks could not separate the DNA adducts from the normal deoxynucleosides despite repeated washing with water and more disks. Therefore, the experiment was continued by using StageTips composed of two sheets of the SDB disks. Table 1 shows recovery ratios of normal deoxynucleosides and DNA adducts with changes in the volume of water used to wash out the normal nucleosides. The removal ratios of the normal deoxynucleosides gradually increased with increasing volume of washing water, while the recovery ratios of the CPrdG diastereomer stayed high irrespective of the volume. However, the volume of washing water did not affect the recovery ratio of EtdG that stayed at about 95%.
Optimal conditions for washing of StageTips retaining DNA adducts
The HPLC elution behavior of the normal deoxynucleosides and the DNA adducts was investigated to explore optimum conditions for the solution used to wash the normal nucleosides away from the StageTips. Figure 1 shows the chromatograms in Table 1 Recovery ratios of CPrdG, EtdG, and normal deoxynucleosides with changes in volume of washing water the presence and absence of formic acid in a mobile phase composed of water and methanol. The retention time of dA in the presence of 0.1% formic acid becomes drastically shorter than that in the absence of the acid. This seems to be due to the protonation of the purine moiety of dA. Therefore, we expected addition of formic acid to the washing solution to wash away the large amounts of normal deoxynucleosides from the StageTips enriched with the DNA adducts. Indeed, almost complete elimination of dA with addition of formic acid to the washing solution was verified, as shown in Table 2 . However, the recovery ratio of EtdG washed by 1% formic acid solution was 97.1% compared to a recovery ratio of 99.2% when washed by a 0.1% formic acid solution. This was due to higher protonation of EtdG with lower pH. Therefore, 0.1% formic acid solution was adopted as the washing solution for the next steps in the experiment.
Next, the volume of the aqueous 0.1% formic acid solution used for washing was optimized for most efficient removal of the normal deoxynucleosides. Table 3 lists the recovery ratios of the deoxynucleosides and DNA adducts with changes in volume of the 0.1% formic acid washing solution. It was found that the recovery ratios of EtdG as well as the normal nucleosides decreased with increasing volume of the formic acid washing solution. However, it was found that repeated extraction by several StageTips with small amounts of washing solution allowed the normal deoxynucleosides to elute efficiently while retaining EtdG. For example, the StageTip treatments repeated three times while controlling the volume of 0.1% formic acid washing solution of a single treatment to 0.2 mL completely eluted the normal deoxynucleosides while retaining a high percentage of EtdG (Table 3) .
In addition, we noticed that the manner in which the washing solution was introduced into the StageTip significantly affected the efficiency of the elution of deoxynucleosides. For instance, when the StageTip was washed twice with 0.1 mL of the formic acid solution instead of washing it once with 0.2 mL of the solution, the normal nucleosides were almost completely removed from the StageTip, as shown in Table 3 . This may indicate the flow velocity of the washing solution in the StageTip closely affected the adsorption and desorption rates for SDB. Therefore, StageTips were repeatedly washed, keeping the volume at 0.1 mL for a single washing with the formic acid solution. Figure 2 shows the multiple reaction monitoring (MRM) chromatograms of the normal deoxynucleosides after the three StageTip treatments. The results indicate the deoxynucleosides were removed effectively (less than 10 -9 M) by these treatments. Thus, the MRM chromatogram of the sample solution after the three StageTip treatments consisted of only the three clear peaks for the DNA adducts, as shown in Fig. 3 . The recovery ratios with six trials were 92.4 ± 3.4%, 96.4 ± 3.1%, and 89.9 ± 3.1% for CPrdG (S,S), CPrdG (R,R), and EtdG, respectively.
LC-MS/MS analysis of DNA adducts after the StageTip treatment
Conclusions
The detection of DNA adducts has become important for studying chemical mutagenesis and carcinogenesis. 2 The facile and effective pretreatment of StageTips for selective Table 2 Recovery ratios of CPrdG, EtdG, and normal deoxynucleosides with changes in concentration of formic acid in water washing solution (mean ± SD (%), n = 3) enrichment of the DNA adducts from sample solutions containing a large quantity of normal deoxynucleosides is essential for LC-MS/MS analysis of the adducts. We improved the composition of StageTips and their application procedure to increase throughput while maintaining high selectivity for DNA adducts. The StageTip pretreatment efficiently removed normal deoxynucleosides and concentrated the DNA adducts with a high recovery ratio. Recent attention has been paid to an LC-ESI-MS/MS analytical approach for DNA adductomics, which is aimed at analyzing DNA modified after exposure to pollutants. 2, 11 The development of our improved techniques for using StageTips to separate DNA adducts from biological samples will contribute to DNA adductomics. 
